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Molecular chaperones are reported to be crucial for virus propagation, but are not yet addressed in
Human Enterovirus 71 (EV71). Here we describe the speciﬁc association of heat shock protein-90-beta
(Hsp90β), but not alpha form (Hsp90α), with EV71 viral particles by the co-puriﬁcation with virions using
sucrose density gradient ultracentrifugation, and by the colocalization with viral particles, as assessed by
immunogold electron microscopy. The reduction of the Hsp90β protein using RNA interference decreased
the correct assembly of viral particles, without affecting EV71 replication levels. Tracking ectopically
expressed Hsp90β protein associated with EV71 virions revealed that Hsp90β protein was transmitted to
new host cells through its direct association with infectious viral particles. Our ﬁndings suggest a new
antiviral strategy in which extracellular Hsp90β protein is targeted to decrease the infectivity of EV71 and
other enteroviruses, without affecting the broader functions of this constitutively expressed molecular
chaperone.
& 2013 Elsevier Inc. All rights reserved.Introduction
There is growing evidence that infectious virions contain some
intracellular host proteins. The acquisition of host proteins allows
viruses to evade the host immune response, and may also function
in mechanisms of virus entry or the release of new virions from
cells. Throughout the virus life cycle, it is believed that viral, host,
and environmental factors contribute to the pathogenesis and the
progression of virus-induced diseases.
Human enterovirus 71 (EV71), one of two Enterovirus serotypes
that are most often associated with large outbreaks of hand-foot-
and-mouth disease (HFMD), causes a variety of neurologic dis-
eases, such as aseptic meningitis, encephalitis, and poliomyelitis-
like paralysis. Many reports have indicated that EV71 has caused
epidemics of severe neurologic disease in Asia, Europe, and the
USA (Abubakar et al., 1998; Alexander et al., 1994; da Silva et al.,
1996; Gilbert et al., 1988; Ishimaru et al., 1980; Komatsu et al.,
1999). During 1997 and 1998, EV71 was considered the primaryll rights reserved.
edical Sciences, College of
an. Fax: +886 32118700.
g@ntu.edu.tw (R.Y.L. Wang).agent that was associated with fatal cases of brain-stem encepha-
litis during large HFMD outbreaks in Malaysia (Cardosa et al.,
2003; Chan et al., 2000) and in Taiwan (Ho et al., 1999; Lin et al.,
2003). EV71 belongs to the member of the genus Enterovirus in the
family Picornaviridae, and is classiﬁed as Human Enterovirus
species A. EV71 contains a single-stranded and positive-sense
RNA genome that is approximately 7400 bases long. It is geneti-
cally related to coxsackieviruses, showing the greatest similarity to
another major etiological agent of HFMD in Asia, Coxsackievirus
A16 (CV-A16).
The EV71 viral particle is the structure of the icosahedron
(icosahedral), without enveloped membrane (Brown and
Pallansch, 1995). The viral genome consists of 11 genes, which
encode four structural proteins (VPs) and seven nonstructural
proteins (2Apro, 2B, 2C, 3A, 3B, 3Cpro and 3Dpol), ﬂanked by two
non-translational regions (NTRs) in which located at the 5′ (5-NTR)
and 3′ (3-NTR) termini of the RNA genome (Shih et al., 2011). A
clover (cloverleaf) is located at the 5-NTR having a structure with
an internal ribosome insertion position (names: internal ribosome
entry site; IRES), serving for the binding sites of host factors to
regulate the viral RNA replication as well as the viral proteins
translation (Bhattacharyya et al., 2008; Chen et al., 2013; Sean
et al., 2009). Following by viral internalization and uncoating, the
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host cytoplasm by means of a cap-independent mechanism. The
EV71 RNA genome has an open reading area (the open reading
frame; ORF) encodes an approximately 200 KDa polyprotein,
including the structural proteins (P1) and the non-structural
protein (P2 and P3). After the translation, the large polyproteins
are then processed by the viral protease 2A and 3C to individual
viral proteins (Li et al., 2002). The P1 segment is divided into four
capsid proteins (VP1, VP2, VP3 and VP4). The synthesis of the viral
genome begins from VPg, at the 5′-NTR, in which a viral protein
encoded by the EV71 viral 3B gene acting as a replacement for the
eukaryotic 7-methyl cap. The viral 3D protein (a viral RNA-
dependent RNA polymerase) then modiﬁes VPg to VPgpU-pU,
serving for the initiation of viral RNA synthesis in the 3-NTR
region of the EV71 genome and synthesizes the negative-sense
RNA strand using the positive-sense RNA as the template (Daijogo
and Semler, 2011). Many copies of the positive-sense RNA genome
are then formed from the negative RNA strand and are packed into
viral capsids, which emerge from the host as progeny viruses to
infect new hosts.
Molecular chaperones are necessary for the maintenance of
proper protein functions through involvement in such cellular
processes as protein folding, activation, transport, and polymer-
ization (Eustace and Jay, 2004; Isaacs et al., 2003; Neckers and Ivy,
2003). Heat shock protein 90 (Hsp90) is one of the abundant
molecular chaperones. Hsp90 is thought to primarily function
intracellularly, but recently published results indicate that two
Hsp90 isoforms, Hsp90α and Hsp90β, were present in the culture
medium from HT-1080 ﬁbrosarcoma and MD231 breast carcinoma
cells, as well as BHK21 cells infected with the Japanese encepha-
litis virus (JEV) (Hung et al., 2011; Lietzen et al., 2011). Further
studies revealed that extracellular Hsp90α is involved in various
pathological processes associated with tumor cell invasion and
metastasis, and that virus-induced, extracellular Hsp90β protein is
required for JEV infectivity.
In this study, we used a proteomics approach to produce a
global proﬁle of the EV71-infected, secretion of host proteins from
the human glioblastoma cell line, SF268. We showed that the
Hsp90β protein, but not the Hsp90α isoform, was present in the
cultured medium of EV71-infected SF268 cells, and that the
Hsp90β protein was associated with newly released virions.
Inhibition of Hsp90β protein functions decreased virus assembly
leading to reduce the EV71 infectivity, indicating a signiﬁcant role
of extracellular Hsp90β in the EV71 life cycle.Results
Proteomics proﬁling of host proteins in the cultured medium from
EV71-infected SF268 cells
Previous studies have reported that certain RNA viruses induce
the release of host proteins from virus-infected cells (Hung et al.,
2011; Lietzen et al., 2011; Wu et al., 2011). To obtain a global
proﬁle of host proteins that are released during EV71 infection, we
cultured EV71-infected SF268 cells in serum-free media, and
probed for the presence of extracellular proteins (Fig. 1A). Follow-
ing EV71 infection, the cells were initially cultured in DMEM
supplemented with 2% fetal bovine serum (FBS) to facilitate viral
RNA replication, followed by cultivation of the cells in serum-free
medium. To test whether viral replication is affected by the lack of
FBS proteins, cell extracts from cells that were cultured in serum-
free or serum supplemented cultures were isolated, and analyzed
for the presence of EV71 viral nonstructural proteins by western
blotting using anti-EV71-3A speciﬁc antibody. The expression level
of 3A/3AB in cells cultured in the serum-free medium wascomparable to that of cells that were provided 2% FBS (Fig. 1B,
lane 5 and 6 compared to lane 3 and 4). These results indicate that
the EV71 viral RNA replication was not affected by the removal of
serum proteins in 24 h. Similarly, the 24 h time point collection of
the cultured medium from the EV71-infected cells showed max-
imal protein accumulation (Fig. 1C) combined with minimal cell
lysis (determination by the absence of β-actin in the secretion
medium as shown in Fig. 1D) or cell death (determination by the
MTT assay as shown in Fig. 1E) resulting from the EV71 infection.
SDS-PAGE analysis of proteins in the serum-free cultured medium
from EV71-infected cells showed that there were 10 proteins that
were up-regulated compared to the cultured medium from mock-
infected cells (Fig. 1F). Among them, two of which were consis-
tently expressed in the mock-infected cells (Fig. 1F, bands 5 and 10
compared to bands 4 and 9). Proteins from all 14-gel bands were
analyzed by LC-MS/MS. A total of 12 potential protein homologs
were identiﬁed, and are listed in Table 1. Gel bands 4 and 5, which
were present in both EV71- and mock-infected cells were identi-
ﬁed as peripherin (Fig. 1F). Gel bands 9 and 10 were identiﬁed as
plasminogen activator inhibitor. Gel bands 1, 2, and 3 were
identiﬁed as α-actinin-4, heat shock protein 90β-isoform, and heat
shock cognate 71 kD protein, respectively. Peripherin protein is
expressed primarily in neurons of the peripheral nervous system
(Eriksson et al., 2008), indicating that these data were not the
result of artiﬁcial loading variations. Moreover, the peripherin
protein could be used as an internal control in future studies. The
α-actinin-4 is an actin binding protein that plays multiple roles in
different cell types. The release of α-actinin-4 during the EV71
infection may be due to the association of virions with cellular
cytoskeleton components during the viral release pathway (Kim
et al., 2002).
Hsp90β, but not Hsp90α, is identiﬁed as the extracellular protein from
EV71-infected cells
Many studies have indicated that heat shock proteins were
involved in RNA viruses life cycle [reviewed in (Geller et al., 2012;
McCready et al., 2010; Xiao et al., 2010)]. The heat shock cognate
71 kDa protein was also reported to be present in the cultured
medium from JEV-infected cells (Wu et al., 2011). Hsp90β was also
reported to be present in the cultured medium from JEV-infected
BHK-21 cells, and was further characterized as promoting JEV
virion assembly (Hung et al., 2011). Hsp90 is a cellular chaperone
that is known to be involved in the life cycles of RNA viruses.
Therefore, to test whether Hsp90 isoforms were present in the
intracellular lysates or the cultured medium from EV71-infected
cells, the protein samples were analyzed by western blotting using
Hsp90 isoform speciﬁc antibodies. The Hsp90β protein was
detected in the cultured medium from both EV71-infected and
heat shocked control cells (Fig. 2A, lane 2 and 3). In contrast, The
Hsp90α protein was not detected neither in the cultured medium
from EV71-infected cells nor heat shocked control cells (Fig. 2B,
lane 2 and 3). Moreover, the expression level of extracellular
Hsp90β was greater for EV71-infected cells than that produced
by heat shock treatment alone, suggesting an induced secretion of
the Hsp90β upon EV71 infection in the SF268 cells (Fig. 2A, lane
2 compared to lane 3). Detection of extracellular Hsp90β in the
cultured medium from EV71-infected cells is in a time-dependent
manner upon viral infection whereas no signiﬁcant cell lysis or cell
death was observed at these time points as shown above. As seen
in Fig. 2C, the extracellular Hsp90β protein was detectable at 18 h
and 24 h post-infection (lane 4 and 5), which is consistent with the
detection of the EV71 viral structural proteins, VP1 and VP3. Taken
collectively; these results indicate that the Hsp90β protein was
present in the cultured medium from EV71-infected cells, and that
the Hsp90α protein was not.
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To further validate the identiﬁcation of the Hsp90β in cultured
medium from EV71-infected cells, three different experiments
were employed to determine whether the Hsp90β protein inter-
acts with viral particles. First, the medium from EV71-infected
cells was concentrated and subjected to a 30% sucrose cushion toremove proteins that may have been non-speciﬁcally associated
with the virions. The virions were then puriﬁed using a 20%–60%
sucrose density gradient. The co-puriﬁcation of Hsp90β with the
VP proteins was observed in two consecutive fractions (Fig. 3A,
lane 5 and 6). Please note that the Hsp90α alone will not be
detected in any fraction of the sucrose density gradient (Fig. S1;
see the supplemental information). Second, immunoprecipitation
Table 1
Proteins identiﬁed by 1D LC-MS/MS in the secretion medium of mock- or EV71-infected SF268 cells.
Spot NCBI number Gene name Protein name Mass (Da)
1 NP_004915 ACTN4 Alpha-actinin-4 104,723
2 NP_031381 HSP90AB1 Heat shock protein 90-beta 83,133
3 NP_006588 HSPA8 Heat shock cognate 71 kDa protein 70,767
4 NP_006253 PRPH Peripherin 53,250
5 NP_006253 PRPH Peripherin 53,250
6 NP_01193725 PKM2 Pyruvate kinase isozymes M1/M2 58,470
7 NP_001484 GDIA Rab GDP dissociation inhibitor alpha 50,566
8 NP_004334.1 CALR Calreticulin 48,124
9 NP_000593.1 SERPINE1 Plasminogen activator inhibitor 1 45,088
10 NP_000593.1 SERPINE1 Plasminogen activator inhibitor 1 45,088
11 NP_000282 PGK1 Phosphoglycerate kinase 1 44,985
12 NP_002037.2 GAPDH Glyceraldehyde-3phosphate dehydrogenase 36,201
13 NP_001619 AKR1B1 Aldose reductase 36,230
14 NP_005909.2 MDH2 Malate dehydrogenase 35,937
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directly associated with the EV71 virion. Total RNA was isolated
from three immunoprecipitation reactions that were performed
using anti-Hsp90α and anti-Hsp90β speciﬁc antibodies or IgG only,
and subjected to RT-qPCR analysis for the detection of EV71 viral
RNA. As shown in Fig. 3B, the eluate from anti-Hsp90β-conjugated
resin contained high amounts of EV71 viral RNA, compared with
the eluate from the anti-Hsp90α-conjugated resin, suggesting that
only the Hsp90β protein was directly associated with newly
released EV71 virions (Fig. 3B). Third, immunogold labeling of
Hsp90β (Fig. 3C, as shown in yellow arrow) conﬁrmed the
presence of the host protein on the surface of the EV71 virion
(Fig. 3C, as shown in white arrow). One gold particle per virion was
consistently detected when samples were incubated with the anti-
Hsp90β antibody (Fig. 3C). However, no gold particles could be
observed using the control immunoglobulins (data not shown).
Taken together, these results indicate that only the Hsp90β isoform
associates with the EV71 virions.
Hsp90β interacts with viral structural proteins, VPs, but not other
viral nonstructural proteins
We examined whether Hsp90β interacts with the structural or
nonstructural proteins of the EV71 virion using immunoﬂuores-
cent staining. Following the EV71 infection, cells displayed viral
VPs (red) and Hsp90β protein (green) in the cytoplasm (Fig. 4A,
also see Fig. S2 for more images in the supplemental information).
Please note that, the colocalization of VPs and Hsp90β protein was
observed in the cytoplasm at 24 h postinfection (Figs. 4A; S2),
implying that the Hsp90β protein directly associated with the viral
VPs during virion release from the host cell. Similarly, the direct
intracellular interaction between the VPs and the Hsp90β protein
was demonstrated by the co-immunoprecipitation of the VP1 andFig. 1. Identiﬁcation of host proteins in the cultured medium from EV71-infected
contained in the cultured medium from EV71-infected cells were constructed. At 24 h p
with PBS. The medium was replaced with serum-free medium, and the EV71-infected
comparable expression levels of EV71 viral proteins from cells cultivated in complete an
complete medium for 24 h. The EV71-infected cells were divided, and cultured in either
The cell lysates were collected, and the expression levels of viral 3A/3AB proteins were
protein loading control. Please note that samples from lane 3 and 4 or lane 5 and
identiﬁcation of EV71-induced secreted proteins. (C) Time course of virus-induced prote
was collected, concentrated, and analyzed by SDS-PAGE. Protein bands were visualized by
1); mock cells without EV71 infection for 24 h (lane 2, 3); concentrated culture medium f
(D, E) The mock- and EV71-infected cells were cultured in complete medium for 24 h, fo
the assessment of cell viability. The cell viability was assessed by detection of β-actin e
medium collected from mock-infection cells; lane 3, 4: the cell lysates from EV71-infecte
assay was performed for the evaluation of cell viability from mock- and EV71-infected ce
PAGE analysis of proteins in the cultured medium. The cultured media from mock- an
visualized by silver staining. Fourteen gel bands were excised for further protein identithe Hsp90β proteins from the ectopic expression of Flag-tagged
Hsp90β protein in transfected, EV71-infected cells (Fig. 4B, lane 4)
in comparison with no detection of the VP1 and IgG only as the
experimental negative control (Fig. 4B, lane 2). In contrast, there
were no nonstructural viral proteins isolated in immunoprecipita-
tions as assessed using anti-3A antibody (Fig.4B, lower panel).
Interestingly, the direct interaction between VP1 and Hsp90β, but
not VP3 and Hsp90β, was demonstrated by GST pull-down assay
using GST-tagged VP1 or GST-tagged VP3 as the probe protein (see
the supplmemntal information, Fig. S3).
Detection of the extracellular Hsp90β requires the EV71 structural
proteins
How might intracellular Hsp90β be released upon viral infec-
tion? Although Hsp90 has many well-established intracellular
functions (Kim et al., 2002; Panaretou et al., 2002), little is known
about the extracellular Hsp90β isoform. We hypothesized that
Hsp90β could act as a component of the virion during release of
virions from host cells. To test this hypothesis, an EV71 replicon
plasmid was constructed in which the P1 region was replaced with
the ﬁreﬂy luciferase gene, allowing us to monitor EV71 viral
replication using a luciferase activity assay (Maloney and
Workman, 2002). After transfection with the EV71 replicon plas-
mid, the detection of luciferase activity indicated that EV71 viral
replication had occurred in the SF268 cells in the absence of the P1
gene (Fig. 4C). Both the cell lysates and the culture medium were
collected and analyzed by SDS-PAGE and western blotting to
detect Hsp90β and viral 3A protein using speciﬁc antibodies. The
expression of the viral 3A protein and the host Hsp90β protein
demonstrates the successful replication of the EV71 replicon
(Fig. 4D, lane 4) compared with the vector transfectant cells
(Fig. 4D, lane 3). However, there was no extracellular Hsp90βSF268 cells. (A) A ﬂowchart of the collection and the identiﬁcation of proteins
ost-EV71 infection, the cultured medium was aspirated, and the cells were washed
cells were cultured for 24 h prior to the collection the cultured medium. (B) The
d serum-free media. SF268 cells were infected with EV71 (MOI¼1), and cultured in
complete medium (lane 3, 4) or serum-free medium (lane 5, 6) for additional 24 h.
analyzed by western blotting using an anti-3A antibody. β-actin was used as the
6 are obtained from two independent experiments. (C–E) Optimizations for the
in secretion was constructed. The cultured medium from EV71-infected SF268 cells
silver staining. Lane assignments: pre-stained protein molecular size markers (lane
rom EV71-infected cells at 8 h (lane 4), 16 h (lane 5), 24 h (lane 6), and 32 h (lane 7).
llowed by replaced with serum-free medium for additional 24 h before subjected to
xpression using Western blot analysis. Lanes assignments: lane 1, 2: the secreted
d cells; lane 5, 6: the secreted medium collected from EV71-infected cells (D). MTT
lls at 24 h (E). Three independent cell viability experiments were evaluated. (F) SDS-
d EV71-infected SF268 cells were analyzed by SDS-PAGE. The protein bands were
ﬁcation.
Fig. 2. Heat shock protein 90β, but not Hsp90α, is present in the cultured
medium from EV71-infected cells. Following EV71 infection or heat shock
treatment, the collection of cultured medium was described as shown in Fig. 1,
followed by investigation of Hsp90α and Hsp90β using the speciﬁc antibodies as
indicated. (A) The detection of Hsp90β in the cultured medium from both EV71-
infected and heat-shock treated cells was observed by western blotting using anti-
Hsp90β speciﬁc antibody. The expression level of β-actin shown here was used as
the loading control. (B) No detection of Hsp90α in the cultured medium from EV71-
infected cells was veriﬁed by western blotting using anti-Hsp90α speciﬁc anti-
bodies. (C) The time-dependent production of Hsp90β protein following EV71
infection was correlated with the detection of extracellular EV71 VPs.
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transfectant cells (Fig. 4D, lane 2). This result, together with the
direct interaction between the Hsp90β and viral VPs that was
demonstrated in co-immunoprecipitation experiments, revealed
that interactions between viral structural proteins and the Hsp90β
protein are required for the release of the Hsp90β protein from
EV71-infected cells.
Hsp90β facilitates the correct assembly of EV71 viral particles
To explore the potential functional role of extracellular Hsp90β
in the EV71 life cycle, we used geldanamycin, a pharmacological
inhibitor of Hsp90. We examined the expression levels of different
viral proteins after geldanamycin treatment. As shown in Fig. 5A,
the signiﬁcant reduction (po0.01) in the expression of viral VPs
was observed in response to geldanamycin treatment at the ﬁnal
concentration of 250 nM and 500 nM (Fig. 5A, lane 5–8). However,
the expression levels of other viral nonstructural proteins, 3D/3CD,were comparable to that of DMSO treated cells (p40.01), indicat-
ing that the primary functional role of the Hsp90β protein involves
interactions with viral structural proteins. Because the incorrect
assembly of viral particles due to geldanamycin treatment may
lead to reductions in viral particle production, the cultured
medium from geldanamycin treated, EV71-infected cells was used
to determine production of newly release of virions by measuring
the extracellular EV71 viral RNA (Fig. 5B). The reduction in
extracellular viral RNA that was observed in EV71-infected cells
treated with geldanamycin suggests that Hsp90β is required for
the formation of newly EV71 virions in SF268 cells (Fig. 5B). We
then hypothesized that intracellular Hsp90β may be directly
involved in the EV71 life cycle through facilitating the correct
assembly of viral particles. This hypothesis was based in part on
the assumption that, because the treatment of cells with geldana-
mycin lead to the incorrect assembly of viral particles, it is possible
that the non-assembled VP molecules may have been degraded
through proteasome-degradation pathways. To test this hypoth-
esis, the proteasome inhibitor, lactacystin, was used to enable the
restoration VP expression levels. As shown in Fig. 5C, the expres-
sion level of VP was restored following treatment with 2 μM and
4 μM lactacystin, compared with the cells treated with DMSO only
(Fig. 5C). In contrast, data also indicated that lactacystin treatment
resulted in no signiﬁcant reduction in the expression levels of the
viral nonstructural proteins, 3A/3AB. Overall, these results show a
speciﬁc functional role for the Hsp90β protein in EV71 viral
particles assembly.
Knockdown of Hsp90β reduces EV71 infectivity
To further distinguish the speciﬁc function of the Hsp90β
protein in the EV71 life cycle, the downregulation of Hsp90β by
speciﬁc siRNA knockdown was performed. The siRNA targeting of
Hsp90β nucleotide sequences signiﬁcantly reduced the expression
level of the Hsp90β protein (Fig. 6A), indicating that the endogen-
ous expression of Hsp90β was not affected by the EV71 infection.
Comparable expression levels of the different viral proteins,
including 3D/3CD and 3A/3AB were also observed in the
Hsp90β-silenced cells (Fig. 6A), implying that Hsp90β does not
affect production of the EV71 viral proteins. Once again, we
observed the signiﬁcant reductions in the expression level of VPs
as described in the above section (Figs. 5A; 6A). Conversely, EV71
released viral RNA was strongly decreased in Hsp90β-treated cells
in comparsion with cells treated with nontargeting sequences
(6071.8% and 3672.3%, Fig. 6B). Similarly, an approximate 105-
fold reduction in plaque formation was observed in response to
siHsp90β-treated in EV71-infected cells, compared with that of
scrambled-siRNA-treated, control cells (Fig. 6C), suggesting that
the Hsp90β protein is required for the correctly assembly of
infectious viral particles in order to pursue the EV71 viral
infectivity.
Tracking the entry events of virion-associated Hsp90β protein during
the EV71 infection
Intracellular Hsp90β protein interacts with cellular proteins to
assist in the correct folding of nascent peptides to produce active
proteins. Consequently, the interactions between extracellular
Hsp90β and the EV71 virions may be involved in the infection of
the subsequent host cells. To examine the functional event of
Hsp90β protein in the EV71 life cycle, the ectopic expression of
Flag-tagged Hsp90β protein was used for the track the EV71-
virion-associated Hsp90β protein during the infection of SF268
cells. The ectopic expression of Flag-tagged Hsp90β was observed
in both the mock- and EV71-infected cells (Fig. 7A, lane 2, 5).
We wish to note, however, that a non-relevant band from the
Fig. 3. Association of Hsp90β with EV71 virions produced in EV71-infected SF268 cells. (A) Concentrated cultured medium of EV71-infected SF268 cells was subjected to
30% sucrose cushion for the removal of nonspeciﬁcally interacting proteins from the virions. The EV71 virions were puriﬁed by isopycnic fractionation using a 20%–60% linear
sucrose density gradient. The EV71 VPs and the Hsp90β protein were detected in the same fraction by western blotting using anti-VP and anti-Hsp90β antibodies. (B) Virions
were present in the eluates of co-immunoprecipitation reactions using anti-Hsp90β antibodies, but not with anti-Hsp90α antibodies. EV71 viral RNA was identiﬁed by RT-
qPCR using viral-sequence-speciﬁc primers, and the data from three independent experiments are described in graphical representations. The IgG was used here as a
negative control for immunoprecipitation experiment. (C) After dialysis and concentration, virus particles contained in fractions 5 and 6 were deposited onto grids using the
Airfuge centrifugation system, and processed for immunogold labeling using the anti-Hsp90β antibody. The immunogold labeled Hsp90β was shown in yellow arrow, where
is located on the surface of virions (in the white arrow). Bar¼100 nm.
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observations (Fig. 7A, lane 1, 3 and 4). Consequently, the detection
of Flag-tagged Hsp90β protein was observed only in cultured
medium from the EV71-infected cells (Fig. 7B, lane 5). These
results show that the Hsp90β protein associates with the extra-
cellular EV71 virions. We then collected the cultured medium from
EV71-infected cells, and used it to infect new host cells in an
attempt to identify the presence of Flag-tagged Hsp90β protein
during the early stages of EV71 infection. After 3 h post-infection,
the cell lysates were harvested for the detection of Flag-tagged
Hsp90β. As a result shown that the Flag-tagged Hsp90β was
detected in the newly infected cells (Fig. 7C, lane 5), indicating
that the Hsp90β protein is associated with EV71 virions during the
infection event.
Identiﬁcation of Hsp90β protein in the cultured medium from cells
infected with other enteroviruses
To explore whether the virus-induced increase in extracellular
Hsp90β protein was limited to EV71-infected neuroglial blastoma
cells, we performed a western blot analysis of Coxsackievirus A16(CV-A16)-infected SF268 cells using anti-Hsp90 isoform speciﬁc
antibodies. As shown in Fig. 8A, Hsp90β protein was present in the
cell lysates of CV-A16-infected SF268 cells, as well as in the cultured
medium from CV-A16-infected cells. In contrast, Hsp90αwas present
only in the cell lysates (Fig. 8A). Similarly, the Hsp90β protein alone
was detected in the culture medium from echovirus-infected SF268
cells (Fig. 8B), and in the culture medium from EV71-infected RD cells
(Fig. 8C), indicating that the virus-induced release of Hsp90β protein
may be common among other RNA virus infections.Discussion
It is unclear how the Hsp90β isoform is released upon virus
infection, but previous reports exist of the characterization of the
extracellular Hsp90α isoform in the conditioned media from
different breast adenocarcinoma cell lines (Eustace et al., 2004;
Maloney and Workman, 2002; McCready et al., 2010; Sims et al.,
2011). Extracellular Hsp90α protein has been shown to participate
in tumorigenesis through enhanced breast cancer invasiveness by
MMP-2 activation and interactions with other client proteins,
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2008; Sidera and Patsavoudi, 2008). The production of extracel-
lular Hsp90α protein from vascular smooth muscle cells upon
oxidative stress has also been reported (Liao et al., 2000), implyingthat virus-induced secretion of extracellular Hsp90β protein is
another stress-induced phenomena, perhaps due to similarities
with the Hsp90α isoform. Although Hsp90β lacks a classical
secretory signal sequence in the peptide, many studies have
reported the secretion of unrelated proteins in the absence of an
obvious signal sequence. Moreover, the lack of a secretory
sequence does not preclude the Hsp90β protein from playing roles
in facilitating the correct assembly of virions or its association with
virions during viral ingression.
In general, most of secreted proteins contain signal peptides
that direct their transport through classical secretory pathways to
the plasma membrane, such as those processed and transported in
Golgi vesicles (Giuliani et al., 2011). We propose that the EV71-
induced secretion of the Hsp90β protein does not follow classical
pathways; rather, it is associated with the EV71 structural proteins
as the virions are released from host cells. We speculate that the
EV71 virions contain the Hsp90β protein for three reasons: (1) the
Hsp90β protein is present at the site of assembly; (2) the Hsp90β
protein interacts with viral VPs (Fig. 4B), and is swept up with the
virions during budding; and (3) the incorporation of the Hsp90β
protein with virions is required to maintain maximum infectivity.
We demonstrate that the EV71-induced extracellular Hsp90β
protein is directly associated with virions (Fig. 3), and we propose
that the association of the Hsp90β proteins with the VPs likely
plays a role in the facilitation of viral particles assembly during
budding and egression. Geldanamycin, an Hsp90 inhibitor, sig-
niﬁcantly decreased EV71 viral infectivity, but did not affect viral
replication, further indicating a speciﬁc role of Hsp90β for the
assembly and release of infectious virus during the EV71 life cycle.
Many reports have shown that the Hsp90 protein plays a
multifactorial role in viral genome replication, viral genes expres-
sion, and viral particle packaging (Nagy and Pogany, 2012; Wang
and Li, 2012). For instance, Hsp90 facilitates the binding of
hepatitis B virus (HBV) reverse transcriptase to a pregenomic
RNA template, which is a critical step for the initiation of the
HBV replication cycle (Beck and Nassal, 2003; Hu and Seeger,
1996). Subsequent data showed that the interactions between
Hsp90 and the HBV reverse transcriptase are also important for
genomic RNA packaging, and that Hsp90 was present in extra-
cellular HBV virion fractions (Hu et al., 1997). In studies of hepatitis
C virus (HCV), Hsp90 coordinates the cleavage and activation of
NS2 and NS3, which protects NS3 from proteasomal degradation.
Hsp90 has also been observed to associate with the NS5A proteinFig. 4. EV71-induced release of Hsp90β requires viral structural proteins.
(A) Colocalization of VP with Hsp90β in the EV71-infected cells. SF268 cells were
co-immunostained with anti-VP (red) and anti-Hsp90β (green) antibodies. Bound
primary antibodies were detected using secondary antibodies conjugated to Texas
Red (for VP) or FITC (for Hsp90β). Images are representative of three independent
experiments that used three independent infections. Bar¼10 μm. (B) Flag-tagged
Hsp90β protein that was expressed in SF268 cells infected with the EV71 was co-
immunoprecipitated with viral VP protein, but not the viral nonstructural protein
3A (lane 3 and 4). The cell lysates were precleared with normal IgG before being
added to the immunoprecipitation reactions. The immunoprecipitates were ana-
lyzed by immunoblotting using anti-VP and anti-3A, primary antibodies. The
immunoprecipitation of IgG only was used here as the negative control (lane 1
and 2). The data shown are representative of three independent experiments.
(C) Hsp90β protein was not observed in the cultured medium from SF268 cells
transfected with EV71 replicon. The EV71 replicon was constructed by the
replacement of the P1 region with luciferase, and is driven by CMV promoter as
shown in black triangle. Luciferase assays were performed, and percent luciferase
activities were plotted against the protein concentrations. The relative luciferase
activities were based on comparisons to vector only transfectants. (D) At 24 h post-
transfection, the cultured medium was collected and concentrated as described in
Fig. 1. Concentrated medium samples were analyzed by SDS-PAGE and immuno-
blotting using an anti-Hsp90β antibody. The cell lysates were analyzed by western
blotting using anti-Hsp90β and anti-3A antibodies for the identiﬁcation of viral
RNA replication in cells transfected with the EV71 replicon. The expression level of
β-actin shown here was used as the loading control.
Fig. 5. Pharmacological inhibition of Hsp90β-VPs binding and EV71 assembly. (A) Inhibition of Hsp90β protein function promoted the degradation of viral VPs, but viral
3CD and 3D nonstructural proteins were not affected. SF268 cells were infected with EV71, followed by treatment with 250 or 500 nM geldanamycin for 24 h. The cell lysates
were analyzed by immunoblotting using anti-VP and anti-3D antibodies. The mean values of the two lanes are shown below the lanes in the blot on a gray shaded
background (* indicates po0.01). (B) A decrease in EV71 viral RNA was observed following geldanamycin treatment. SF268 cells were infected with the EV71 (MOI¼1),
followed by treatment with geldanamycin for 24 h as described above. The cultured medium was collected, and the EV71 RNA was quantiﬁed by RT-qPCR. The data shown
are based on the means of three independent experiments. (C) The proteasome inhibitor, lactacystin, prevented the degradation of VPs following the geldanamycin
treatment. Cells were cultured in the presence of DMSO (lane 1–3) or 250 nM geldanamycin (lane 4–6) for 24 h. Cell lysates were analyzed by western blotting for the
detection of VPs and 3A/3AB proteins. The quantitation values of each lane are shown below the lane in the blot on a gray shaded background. The β-actin expression level
was used as an internal control.
R.Y.L. Wang et al. / Virology 443 (2013) 236–247 243of HCV, playing a key role in the initiation of viral replication
(Okamoto et al., 2006, 2008). In addition, Hsp90 participates in
transcriptional regulation of oncogenic viral genes of Epstein-Barr
virus (EBV) and gamma-herpesvirus, resulting in the regulation of
cell signaling pathways (Elgui de Oliveira, 2007; Martin andGutkind, 2008). In the case of EBV, Hsp90 promotes the LMP-1-
induced Akt phosphorylation, resulting in the suppression of
apoptosis in EBV-infected lymphoma cells (Jeon et al., 2007), and
modulates the expression of EBNA1, an EBV-encoded viral protein
that is involved in many EBV functions, including gene regulation,
Fig. 6. Knockdown of intracellular Hsp90β resulted in reduced EV71 infectivity.
(A) SF268 cells were transfected with a nonsilencing, scrambled siRNA or with anti-
Hsp90β siRNA. The anti-Hsp90β-siRNA transfected cells were infected with EV71
(MOI¼10), and cell lysates were examined at 48 h for the presence of viral VPs, 3D/
3CD, and host Hsp90β proteins. Three different experimental controls were used in
this experiment, including no treatment (lane 1 and 2), transfection reagent only
(lane 3 and 4), and scrambled siRNA (lane 5 and 6). Two concentrations of Hsp90β
siRNA were used, 20 μg (lane 7 and 8) and 40 μg (lane 9 and 10). (B) Extracellular
EV71 RNA level of scrambled siRNA or Hsp90β siRNA treated, EV71-infected SF268
cells. The viral progeny from the siRNA treated cells were quantiﬁed by RT-qPCR.
Results shown are the mean of three independent experiments performed on three
independent infections. (C) Reduction of the EV71 infectivity in the siHsp90β cells.
The EV71 virions were collected from cells treated with anti-Hsp90β siRNA and
from those treated with the scrambled, control siRNA. The infectivity of EV71
progeny from the siRNA treated cells was performed in plaque assay. The virus
titers are shown in PFU/ml. Three independent knockdown experiments were
performed.
Fig. 7. Hsp90β is associated with the internalization of the EV71 virions by host
cells. The SF268 cells were transfected with Flag-tagged-Hsp90β plasmid, followed
by infection with EV71 (MOI¼10) for 24 h. Viral proteins and the ectopically
expressed Flag-tagged Hsp90β protein were identiﬁed in cell lysates by western
blotting using anti-VPs and anti-Flag antibodies, respectively (A). The cultured
mediumwas also collected for the detection of Flag-tagged Hsp90β protein (B). The
EV71 virions collected in step (A) were used to infect new SF268 cells, and lysates
of newly infected cells were analyzed to detect intracellular virion-associated Flag-
tagged Hsp90β protein (C). The western blot lane assignments were: lane 1,
negative control; lane 2, cells transfected with the Flag-Hsp90β plasmid; lane 3,
cells infected with the EV71; lane 4, EV71-infected cells previously transfected with
the control vector; lane 5, EV71-infected cells previously transfected with the Flag-
Hsp90β plasmid.
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episomal genome (Sun et al., 2010).
Although many studies have demonstrated the functional roles
of the Hsp90 protein in virus life cycles, little attention has been
focused on the different Hsp90 isoforms, Hsp90α and Hsp90β.
Some data suggest that the extracellular Hsp90α is important for
viral cancer pathogenesis resulting from Kaposi's sarcoma-
associated herpesvirus, gamma-herpesviruses, and EBV (Defeeet al., 2011; Qin et al., 2010). We previously reported that Hsp90β
is present in the culture medium from JEV-infected cells, and that
is necessary for virus infectivity, much like that observed for EV71
in our current study (Hung et al., 2011). Expanding upon our
previous study, we demonstrated that the molecular mechanisms
of Hsp90β protein play a key role in the assembly of viral particles
in EV71.
Taken collectively, the Hsp90 isoform, Hsp90β, serves as a
cofactor promoting correct assembly of infectious virions, and
accompanies the ingression of virions into new host cells during
the virus life cycle. Inhibition of the Hsp90β protein reduces viral
infectivity through the disruption of viral particles assembly.
Fig. 8. Detection of extracellular Hsp90β protein in the cultured medium from
cells infected with other enteroviruses. SF268 cells were infected (MOI¼10) with
Coxsackievirus A16 (A) or echovirus (B), and the culture medium was collected at
24 h post-infection for the detection of Hsp90α and Hsp90β by western blotting
using anti-Hsp90α and anti-Hsp90β antibodies. Using anti-EV71-VP speciﬁc anti-
body performed the detection of viral VPs from Coxsackievirus A16. (C) Detection of
extracellular Hsp90β from EV71-infected RD cells. RD cells were infected with EV71
(MOI¼10), followed by the collection of the culture medium at 24 h post-infection
for the detection of Hsp90β by western blotting using anti-Hsp90β antibody.
(a) Coxsackie virus A16 infected SF268 cells, (b) Echo virus infected SF268 cells
and (c) Enterovirus 71 infected RD cells.
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may represent a novel approach for the development of effective
treatments and prevention strategies for RNA virus infections.Materials and methods
Virus strains and cell lines
SF268 and RD cells were cultured in DMEM medium (Gibco-
BRL, Carlsbad, CA, USA) supplemented with 10% FBS (Gibco-BRL,
Carlsbad, CA, USA), 100 units penicillin, 50 μg/ml streptomycin
(Gibco-BRL, Carlsbad, CA, USA), and 24 mM sodium bicarbonate
(Sigma, St. Louis, MO, USA), and maintained at 37 1C in anatmosphere of 5% CO2. EV71 (Taiwan strain 2231), Coxsackievirus
A16 and echoviruses were ampliﬁed in RD cells, and the titers
were measured by plaque assay.
Virus infection
Cells were washed with PBS, and incubated in serum free
medium 1 h prior to infection. Cells were infected by incubation
with EV71, coxsackievirus A16, or echoviruses for 1 h at 37 1C with
shaking every 15 min. Infected cells were washed with PBS, and
cultured in the complete medium as described above.
Construction of the EV71 viral 3D, P1 region and Flag-tagged Hsp90β
expression plasmids
All primer sequences are written in the 5′–3′ orientation. To
generate the 3xFlag-HSP90β plasmid, we ampliﬁed the full-length
of HSP90AB1 (Hsp90β) from the RNA isolated from SF268 cells by
RT-PCR using the forward primer, GCGATATCGATGCCTGAG-
GAAGTGCACC, and the reverse primer, GCTCTAGAATCGACTTCTTC-
CATGCG. The PCR product was then treated with EcoRV and XbaI,
and was ligated into the p3xFlag-myc-CMV vector that was
previously digested with EcoRV and XbaI.
The EV71 genomic regions, P1 and 3CD, were constructed in
pCDNA 3.1(−) and PCR3.1 separately using the EV71 P1 forward
primer, GCGAATTC TTAAAACAGCCTGTGGGTTGCA, and the EV71
P1 reverse primer, GCGGGATCCTTAGAGAGTGGTAATTGCTGT, the
EV71 3CD forward, GCGCTGCAGATGGGGCCGAGCTTGGACTTGG,
and the EV71 3CD reverse primer, GCGCTCGAGTTAAAACAATTC-
GAGCCAATTTC. The EV71 P1 and 3CD PCR products were then
treated with EcoRI, BamHI (for P1) and PstI, XhoI (for 3CD),
following by ligation into the PCR3.1 vector that was previously
digested with the restriction enzymes as shown above.
Concentration of cultured medium
Cells were seeded in 10 cm dishes to 60% conﬂuence before
infection with the EV71. Control cells were not infected. Cells were
incubated in 2% serum medium for 24 h before replacement with
serum free medium, followed by incubation for an additional 24 h.
Cells were heat shocked at 42 1C for 1 h, and allowed to recover for
6 h before the cultured medium was collected. The medium was
centrifuged in 300g for 10 min, 2000g for 10 min, and 10,000g for
30 min in 4 1C. The ﬁnal supernatant was ﬁltered through a
0.22 μm membrane, and concentrated from 15 ml to 200 μl using
centrifugal ﬁlter units (Millipore).
Protein separation and silver stained
The secreted proteins in the media samples were separated on
a 10% acrylamide gel by SDS-PAGE, and the gel was initially ﬁxed
using 50% methanol and 25% acetic acid for 90 min. The gel was
additionally ﬁxed in 30% methanol for 15 min, followed by three
5 min washes in deionized water, and a third ﬁxing used 0.8 M
NA2S2O3 for 2 min, followed by three 30 s washes. The ﬁxed gel
was incubated in 0.2% silver nitrate for 25 min in a dark room
before two 30 s washes. The bands were visualized in developer
buffer (6% Na2CO3, 0.05% formalin, and 0.0004% Na2S2O3), and
development was halted using stop solution (50% methanol and
12% acetic acid) before washing twice with deionized water.
Sucrose cushion and sucrose density gradient
A total amount of 50 ml of culture medium from EV71-infected
cells was collected and centrifuged at 300g for 10 min, 2000g for
10 min, and 10,000g for 30 min in 4 1C. The ﬁnal supernatant was
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20% sucrose in TNE buffer (10 mM Tris; 0.2 M NaCl; 1 mM EDTA,
pH 7.4), and centrifuged at 35,000g for 4 h. Pellets were resus-
pended in TNE buffer. The resuspended viral particles were layered
in a 20%–60% linear sucrose gradient, and centrifuged at 125,000g
for 16 h at 4 1C. The fractionated samples were collected from top
to bottom (1 ml/fraction).
Geldanamycin and lactacystin drug treatment
EV71-infected cells were treated with lactacystin (2–4 μM) for
24 h. Cells were harvested to examine VPs expression levels by
western blotting. For the geldanamycin effect, the cells were
treated with 250 and 500 nM geldanamycin at 3 h post-infection,
followed by incubation for 24 h. The geldanamycin treated cells
were then harvested for analysis of the viral proteins. For the
neutralization test, the infectious virions were treated with DMSO
or geldanamycin for 1 h prior to infection. At 24 h post-infection,
the cell lysates were collected for further viral RNA and viral
protein analyses.
Plaque assay
SF268 cells were seeded in 6-well plates at 4105 cells per
well, followed by an overnight incubation in DMEM medium
containing 2% FBS to form a monolayer. The supernatants of
culture medium samples from EV71-infected cells and 10-fold
serial dilutions of the sucrose gradient fractions were prepared in
serum-free DMEM medium before infection. Monolayer SF268
cells were incubated with serum-free DMEM medium for 1 h
before adding 0.5 ml of the 10-fold dilutions and 0.5 ml of the
serum-free DMEM medium. The SF268 cells were incubated an
additional hour to allow infection to occur. The cells were washed
with the serum free medium, and 2 ml 0.3% agarose (Invitrogen) in
serum free medium were added to each well. The plates were
incubated at room temperature for 30 min to solidify the agarose,
and cells were cultured at 37 1C for 4 d. The cells were ﬁxed with
2 ml of 10% formaldehyde, and incubated for 30 min at room
temperature before the agarose overlays were removed. The cells
were stained with a solution of 0.5% crystal violet, 1.85% formalin,
50% ethanol, and 0.85% NaCl (Sigma) for 2 min, and washed with
deionized water. Virus titers were calculated as the number of
plaques X (1 ml/0.5 ml), X is the serial dilution factor, and is
expressed in PFU/ml.
Western blotting and antisera
The procedures for protein sample collection and separation
have been described elsewhere (Wu et al., 2011). The primary
antibodies used were mouse anti-EV71 3A (1:1000 dilution)
(Millipore), rabbit anti-EV71 3A (1:1000), and anti-EV71 3D
(1:5000 dilution). For detection of extracellular HSP90α, HSP90β,
and β-actin, membranes were incubated with HSP90α or HSP90β
in 1:2000 dilution, β-actin (1:30,000 dilution) (Sigma).
Immunoﬂuorescent staining
Immunoﬂuorescent staining of intracellular Hsp90β and viral
proteins has been described elsewhere (Hung et al., 2011). The
primary antibodies used in our study were anti-HSP90α, anti-
HSP90β (Enzo Life Science), and anti-VP (Millipore, Billerica, MA,
USA). Rhodamine or ﬂuorescein isothiocyanate (FITC) conjugated
secondary antibodies were used. Images were acquired using a
Zeiss confocal microscope, and processed with Adobe Photoshop
software.Immunoprecipitation
EV71-infected cell lysates were collected, and precleared using
protein A agarose (Santa Cruz Biotechnology) for 10 min. Lysates
were centrifuged at 1000g for 5 min, and the supernatants were
collected. The cells were treated with RNase at 37 1C for 5 min.
Control cells were not RNase treated. Protein A agarose was
blocked with 3% BSA for 30 min before binding the HSP90β
antibody for 2 h at 4 1C. The supernatants were added to the
protein A agarose beads. The mixture was incubated at 4 1C for 2 h,
and the protein A agarose beads were washed three times
with PBS.In vivo pull down
The cell lysates of EV71-infected, 3xFlag-HSP90β-myc-transfected
cells were collected, and incubated with anti-Flag M2 agarose
(Sigma) for 2 h. The bound beads were centrifuged at 1000g to
reduce non-speciﬁc binding. After three washes with PBS, the beads
were eluted by adding protein loading dye, and samples were
analyzed by SDS-PAGE and western blotting as described in
the above.Knockdown of Hsp90β
HSP90β siRNA, 5′-CAGAAGACAAGGAGAAUUA-3′, was synthe-
sized by Sigma. Scrambled, control siRNA was designed and
synthesized by Invitrogen (medium GC of StealthTM RNAi negative
control duplex). The siRNA was transfected into cells using
RNAiMAX lipofectamine (Invitrogen) in Opti-MEM reduced serum
medium (Invitrogen). The siRNA was incubated with RNAiMAX for
30 min at room temperature prior to transfection, and HSP90β
expression was silenced during 2 d incubation.RNA preparation, reverse transcription, and quantitative real-time
PCR
TRIzol (Invitrogen) was used to isolate total RNA for the
detection of the HSP90β mRNA prior to infection and the EV71
genomic RNA at 3 h and 24 h post-infection. Random primers,
reverse transcriptase (ABI), and 3 μg of total RNA were used to
produce the cDNA. Quantiﬁcations of the HSP90α and the EV71
cDNAs were performed by quantitative real-time PCR (qPCR) using
the HSP90α forward and reverse primers, CAGAATGAAGGAAAAC-
CAGAAGC and GCACACAATACTCATCAATGGG, respectively, and the
EV71 forward and reverse primers, TCAATTCCCGTTTCTCATCCA
and GAGGGAGCGCACGTGATCT, respectively. The qPCR analyses
were performed in duplicate using SYBR green master mix (KAPA)
in an ABI 7500 qPCR system.Acknowledgments
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